ABSTRACT
INTRODUCTION
The ionosphere of the Earth is no doubt an important part of the global electric circuit and is a subject to dramatic perturbations related mainly with geomagnetic and solar activity. It also reacts on going from "below" impacts from different processes like thunderstorms, dust storms, radioactive pollutions, volcanic eruptions, earthquakes, etc. Recently the total electron content (TEC) of the ionosphere became one of the most often used parameter to describe features of the ionosphere behavior before, during and after the considered seismic events. TEC is the total number of electrons along the vertical path between the satellite and the ground in 1 m 2 cross section column; TEC is measured in TEC units (1 TECu = 10 16 el/m 2 ). It is derived from the regular ionosphere observations using GPS and GLONASS satellites (as sources of stable signals) and ground-based network of receivers of these signals.
Basing on numerous ground-based and satellite observations many papers reported significant ionosphere disturbances (including the TEC increases or depressions) existing during quiet periods of the geomagnetic and solar activity. As these disturbances happen just before and spatially near the earthquakes' locations many investigators consider these ionosphere anomalies as precursors. Nevertheless the current knowledge state and field of the investigation are far from making reliable EQ' forecasts.
This paper provides a summary of our investigations' results in the field of the pre-earthquake TEC variations. We present the pre-earthquake GPS-observed TEC disturbances analysis' results for 50 cases of M ≥ 6 seismic events happened during [2005] [2006] , and propose a physical interpretation for considered seismo-ionosphere anomalies supported by the Upper Atmosphere Model (UAM) numerical calculations. near-epicenter area. According to [7, 8] the positive anomalies are more often observed.  The size of the anomalies depends on the earthquake magnitude and extends larger than 1500 km in latitude and 3500 -4000 km in longitude. The structure and dimensions of the disturbed areas are kept rather stable during 4 -8 hours. These anomalies do not propagate along the magnetic meridians in contrast of the ionospheric disturbances caused by solar and geomagnetic activities.  Local long-living negative and positive disturbances are reported to appear from several hours to couple of weeks before the earthquake's release moment.
The sign of the anomaly may change to the opposite one. Sometimes anomalies depress up to full decay before the earthquake release moment or a few hours earlier.  The vertical projection of the epicenter does not mandatory coincides with the maximum phenomenon's manifestation location.
 Similar effects are often observed at the magnetically conjugated region.  In case of the strong low-latitudinal earthquakes increase or decrease of the equatorial anomaly with the trough deepening and filling takes place [9] [10] [11] . This set of the features was extended with terminator and sub-solar point effects in [11] [12] [13] [14] .  Relative TEC disturbances reduce sometimes to almost full disappearance when the ionosphere conductivity increases, i.e., with the sunrise terminator and sub-solar point income.  The disturbed areas shift from the terminator to the night-sector. TEC disturbances' renewal takes place after sunlit ionosphere (sunset terminator) leave. Table 1 presents the results of application of this feature-list for 2005-2006, -50˚ < φ < 50˚, M ≥ 6, D < 60 km earthquakes, where φ is the considered seismic event epicenter's magnetic latitude [6] . The criteria were even hardened-we strongly required the geomagnetic conjugation of the pre-EQ TEC anomalies. According to the analysis, the TEC disturbances satisfying that strengthened criteria were revealed in two thirds of all investigated events (see Table 1 ). This investigation does not count false-cases of the kind when the precursor was revealed but no earthquake happened as the events for analysis were selected from USGS (US Geological Survey) earthquakes' catalog. It also should be mentioned that studies [6, 14, 15] confirmed the set of morphological features mentioned earlier in this section. We expect it to be developed further in order to improve the existing earthquakes' forecast technique.
PHYSICAL MECHANISM
There is no common opinion in scientific society on the physical mechanism that could explain the penetration of the seismic preparation processes' impact into the ionosphere. It is still a subject of discussion and detailed review of the proposed physical mechanisms may be found in [5, [16] [17] [18] [19] . In short, two channels of penetration are proposed: the wave channel (including Acoustic Gravity Waves) and electromagnetic channel. As there is no presence of the wave signatures of the discussed TEC disturbances we reject the neutral atmosphere wave channel. We strongly believe that the ionospheric response on the pre-seismic processes is explained in terms of the electromagnetic channel as will be discussed further.
It should be mentioned that NmF2 and TEC disturbances related with magnetic activity are created by the neutral atmosphere (neutral gas composition-O/N 2 ratio, internal gravity waves and winds) and electric field variations. But it is impossible to localize the neutral atmosphere disturbances at a limited area as they will propagate away from the source. So we reject mechanism of producing ionospheric disturbances during earthquake preparation by the neutral atmosphere variations because the TEC disturbances' position is rather stable as it has been noticed earlier.
We consider previously set hypothesis of the vertical drift of the F2-layer ionospheric plasma under the influence of zonal electric field of seismogenic origin as the most probable reason of the pre-earthquake NmF2 and TEC disturbances [20] [21] [22] . In the middle latitudes the upward electromagnetic drift, created by the eastward electric field, leads to the increase of the NmF2 and TEC due to the plasma transport to the regions with lower concentration of the neutral molecules and, consequently, with lower loss rate of dominating ions O + in the ionmolecular reactions. The electric field of the opposite direction (westward) creates the opposite (negative) effect in NmF2 and TEC. In the low latitude regions the increase of the eastward electric field leads to the deepening of the Appleton anomaly minimum ("trough" over the magnetic equator in the latitudinal distribution of electron concentration) due to the intensification of the fountain-effect.
Convective transportation of charged aerosols and their gravitational sedimentation in the atmosphere as well as radon and other radioactive elements emanation into the lower atmosphere over the faults leads to increase of the atmospheric radioactivity level during earthquake formation [3, 5, [23] [24] [25] . It also causes enlargement of the ionization and electric conductivity of the near-ground atmosphere. The joint action of these processes increases the electric field in the ionospheric heights up to units-tens mV/m [23] [24] [25] [26] . Numerical simulations using the Upper Atmosphere Model (it would be described below) showed that such electric fields are required to produce the observed TEC disturbances [20] [21] [22] . These estimations and calculations are also in good agreement with the IN-TERCOSMOS-BULGARIA-1300 satellite observations [26] [27] [28] [29] , rocket measurements of large intense electric fields in the E-layer of the ionosphere [30] and ionosonde data-derived electric fields' estimations [31] as well as with recent other authors' simulations, e.g. [32] [33] [34] .
Another mechanism of the near-ground atmosphere layer ionization was proposed by F. Freund [35, 36] . According to his laboratory experiments electric charge carriers activate during rock stress. These carriers-the so-called "positive holes"-are highly mobile and are able to leave stressed rock volume. The joint action of both mechanisms of near-ground atmosphere layer ionization-on the basis of "positive holes" and radon-related one-is possible.
Thus, the F2-layer ionospheric plasma' drift under action of the ionospheric electric fields of seismogenic origin is considered as the most probable reason of producing pre-earthquake TEC disturbances. This theory is supported by several features of the pre-earthquake TEC anomalies such as their geomagnetic conjugation, relation to equatorial anomaly modifications and response on sunrise terminator income and sunset terminator leaving.
VERTICAL ELECTRIC CURRENTS FLOWING BETWEEN THE EARTH AND IONOSPHERE
The principal ability to reproduce observed TEC disturbances by ionospheric electric fields of seismic origin was proved by numerical simulations for synthetic and concrete earthquakes' model case studies [12, 13, 21, 22] .
Model experiments were carried out using the Upper Atmosphere Model-global numerical model of the Earth's upper atmosphere as a whole system from the height of 80 km to 15 Earth's radii. The model calculates main physical parameters of the upper atmosphere such as densities, temperatures and velocities of the neutral (O, O 2 , N 2 , H) and charged ( 2 , NO + , O + , H + and electrons) species by numerical integration of the continuity, momentum and heat balance equations as well as the equation of the electric field potential [37] [38] [39] [40] . O  To build the model difference maps of the TEC we first performed a regular calculation without any additional electric current sources to use these results as quiet background values. Then, an external electric current flowing between the lower atmosphere and the ionosphere presumably of seismogenic origin was used as a model input for the calculations of the ionospheric field and the corresponding TEC variations. Additional sources of the electric current were switched on at the lower boundary (80 km) in the UAM electric potential equation, which was solved numerically jointly with all other UAM equations for neutral and ionized gases.
It was shown that electric fields that are able to produce observed pre-earthquake TEC deviations should be of about 1 -4 mV/m in case of the low-latitudes and about 4 -10 mV/m in case of the mid-latitudes [11-13, 21,22] . According to estimations obtained in [23] [24] [25] , the external current with density of about 1000 nA/m 2 at the area of about 200 km in radius is required to create the electric field of about several mV/m in the ionosphere. Such current density is quite huge and its value is 10 6 times larger than the regular "fair-weather" vertical electric currents' density. Nevertheless, such anomalous currents are reported in several experiments and measurements.
For example, the current of 10 -25 nA was registered on a 200 cm 2 collector plate in the laboratory experiments with stressed rocks mentioned above [35, 36] . It corresponds to the densities of about 500 -1250 nA/m 2 . The current with typical value of 2500 nA flowed through the average cross section of the trunk of 0.5 m 2 [41] . It corresponds to the current density of 500 -1000 nA/m 2 . The average Maxwell current density under a small Florida thunderstorm ranged from 1 to 4 nA/m 2 for a short period of time according to [42] . Finally, the current with density up to 20 nA/m 2 flowed upward from thunderstorm areas as it was obtained in airplane measurements [43] .
Different magnitudes of the vertical electric currents flowing between the Earth and ionosphere were investigated in the numerical simulations using the Upper Atmosphere Model [11] [12] [13] [20] [21] [22] . It was obtained that additional electric currents of about 1000 nA/m 2 switched on at the height of about 80 km over the area approximately 500 by 200 km produce extremely strong TEC disturbances. On the other hand, electric currents with the density of about 1 -5 nA/m 2 over the same area triggered TEC disturbances not exceeding 15% -30% in magnitude relatively to non-disturbed conditions.
The results that are much closer to the observed were achieved by setting up external electric currents with density of 20 nA/m 2 over the area of about 200 km along meridian and about 2000 km along the parallel. TEC disturbances produced by this configuration have reached 30% -50% by magnitude depending on the current's spatial distribution and lifetime. The model TEC deviations' magnitudes, lifetime, dimensions, magnetically conjugation, response on sunlit ionosphere approach and leaving were in good agreement with observations. On the other hand, the model negative disturbances occupied the bigger area than positive ones in contrast with observations. Both calculated and observed TEC disturbances were asymmetric relative to the magnetic equator.
Ionospheric response on vertical electric currents was studied further by varying such parameters of the currents as direction (to or from the ionosphere), latitudinal position (5˚ -45˚ mag. lat.) and configuration in [44] .
In order to maintain the total current in global electric circuit the "back" ("return") currents were taken into account. Simulation results showed that configurations with external ("straight") currents switched on over the epicenter with currents of opposite direction ("back" currents) spread out over the globe produce TEC disturbances very similar to those that were created by the same configurations but without any "back" currents.
Changing direction of the "straight" currents led to the "mirror reverse" of the positive and negative disturbances relatively to the magnetic meridian crossing the epicenter and magnetically conjugated area.
The model calculated electric potential and TEC disturbances depend on the latitude of the electric current sources, as it is seen in Figure 2 : the amplitudes are maximal near 30˚ mag. lat.
Similar numerical calculations were performed in [45] . They simulated only TEC response at the epicenter region and did not consider magnetically conjugated ones. The simulations were local (not for the globe as in our case) with "single" point source. According to their simulations using SAMI3 model the current density of 0.2 -10 μA/m 2 in the earthquake fault zone can cause TEC variations of up to 2% -25% in the daytime ionosphere and the density of 0.01 -1 μA/m 2 can lead to nighttime TEC variations of 1% -30%. Such huge currents' densities are required due to a too small area of the current generation in their simulation. Beside of this, our and their model results do not contradict each other. 
CALCULATED THREE-DIMENSIONAL STRUCTURE OF THE ELECTRON DENSITY DISTURBANCES
Let us now consider the calculated three-dimensional structure of the electron density presented in Figure 3 . The configuration with vertical electric currents switched on at the 30˚ mag. lat. will be discussed. Middle column corresponds to the epicenter longitude (30˚ mag. long.). Left and right columns correspond to the longitudes that are 15˚ west and east respectively (345˚ and 15˚ mag. long.), i.e., to those magnetic meridians where strongest TEC disturbances were obtained.
First of all, it should be noticed that NmF2 and HmF2 are higher in the Southern (summer) Hemisphere than in the Northern (winter) one for non-disturbed conditions (see top row in Figure 3) . Asymmetry of the TEC disturbances caused by the vertical electric currents can be explained by these differences, i.e., by different ionospheric conditions in winter and summer Hemispheres.
As the most probable physical mechanism that produce pre-earthquake NmF2 and TEC disturbances we consider the vertical drift of the F2-layer ionospheric plasma under the influence of zonal electric field of seismogenic origin [20] [21] [22] . According to this hypothesis eastward electric field leads to the vertical plasma transport upwards to the regions where concentration of neutral molecules is low (loss rate of dominating ions O+ in ion-molecular reactions is low). Thus, eastward electric field in middle latitudes leads to the increase of the NmF2 and TEC; westward electric field causes negative effect.
Actually, plasma movement is more complicated. The electric field produced by additional vertical electric currents is directed perpendicularly to the magnetic field and radially from it (if electric charge was delivered from below) or towards the magnetic field (if electric charge was delivered from above). Direction of the [E × B] drift, in turn, is perpendicular to both electric and magnetic fields. The plasma drift has all three components-vertical, meridional and zonal. Depending on position in the space, the sign of each component may be changed to the opposite one. The action of vertical components of both signs leads to the increase (or decrease) of the electric number density, while the action of meridional and zonal components moves plasma in horizontal plane, i.e. redistributes it.
The result of the physical process described above is shown in Figure 3 (see also [46] ). According to the simulations both crests of Appleton anomaly displaced not only in vertical direction but also from the equator and along the parallels in the disturbed conditions (middle row in Figure 3 ) relatively to the quiet conditions (top row in Figure 3) . The HmF2 changed insignificantly or decreased depending on the magnetic latitude and the longitude. As regards the NmF2, it changed dramatically. For example, at 01:00 LT the strongest negative disturbances were obtained along 345˚ mag. long. (15˚ to the west from epicenter longitude) and at the areas from 20˚ to 40˚ mag. lat. and from -20˚ to -40˚ mag. lat., i.e. at epicenter latitude and magnetically conjugated area. The positive disturbances were obtained along 15˚ mag. longitude (15˚ to the east from epicenter longitude) from about -30˚ to +30˚ mag. lat. (see Figure 2 and bottom row in Figure 3) .
OPEN ACCESS
Thus, UAM calculations strongly support previously supposed hypothesis of plasma drift in producing preearthquake anomalies, where vertical drift plays major role in increase (decrease) of the electron number density due to correspondingly decrease (increase) of the ion O + loss rate and the horizontal drifts redistribute plasma along the meridians and the parallels.
CONCLUSIONS
In this paper the "extended" set of pre-earthquake TEC disturbances' features is proposed. Strong earthquake statistics analysis revealed that such anomalies existed in two thirds of investigated events during [2005] [2006] . The electromagnetic F2-layer ionospheric plasma drift under action of the electric field of seismic origin is proposed as the main reason of the observed phenomena. This hypothesis is supported by the magnetic conjugation of the observed TEC anomalies, related equatorial anomaly modifications and their response on sunlit ionosphere income as well as by the results of the numerical simulations using the Upper Atmosphere Model (UAM).
Model results show that vertical electric currents with density of about 20 nA/m 2 flowing over area of about 200 by 2000 km between the Earth and ionosphere are required to produce such TEC disturbances. Current density amplitude is much larger than regular values of "fairweather" current density but such extreme values are also observed.
The ionosphere response on the vertical electric currents' parameters have been investigated using UAM. The strongest anomalies were obtained for sources acting near 30˚ mag. lat. It was also shown that "back" currents spread out over the whole Earth (with the direction opposite to the "straight" ones) have no influence on producing TEC deviations by comparison with configurations without any "back" currents. Changing of the direction of "straight" currents led to the "mirror reverse" of the positive and negative deviations relatively to the magnetic meridian of the earthquake epicenter. Their asymmetry relatively to the magnetic equator was explained by different ionospheric conditions in the winter and summer Hemispheres.
Calculated three-dimensional structure of electron density have shown importance of not only vertical but also horizontal components of the ionospheric plasma drift in producing the TEC disturbances observed before the strong earthquakes.
